The precipitation of TiN inclusion during solidification of different carbon content of 0.72%, 0.82% and 0.95% in tire cord steel is thermodynamically studied respectively. The results show that the carbon content has obvious effect on TiN inclusion precipitated in tire cord steel of different strength levels. With the carbon content of tire cord steel increasing, the temperature before solidifying reduced gradually and the required activity product of titanium and nitrogen for TiN inclusion precipitation also declined gradually. With the same condition of initial Ti and N content in liquid steel, the size of TiN inclusion precipitated in tire cord steel of higher carbon content is bigger than that of lower carbon content. In order to control the harmful effects on processability of TiN inclusion precipitated in hypereutectoid tire cord steel of the ultra high strength level, the measures of smelting process must be taken to further reduce the titanium and nitrogen content in liquid steel.
Introduction
The tire cord steel is a kind of high carbon steel, which is used for the production of car tyres meridian steel wire. With the car lightening and considering the safety of the car, the strength level of car tyre cord steel wire is improving. Before the 1990s, the mainstream brands of the tyre steel wire are SWRH62A and SWRH67A of ordinary strength grade 1750 MPa. Since the 1990s, the mainstream brands of the tyre steel wire are SWRH72A of high strength grade 1870 MPa. Entering the 21st century, the mainstream of the tire steel wire product is the hypereutectoid tire cord steel SWRH82A of the ultra high strength level and brands of a higher strength level in which carbon content reached 0.92% -0.95%. In order to control the harmful effects of titanium inclusion in hypereutectoid tire cord steel on the drawing performance of wire rod, steelmakers should take tough measures of steelmaking and refining technology to remove the content of Ti and N in the molten steel to the limit as much as possible. In spite of this, in the condition of current steel production technology, the precipitation of titanium inclusion is still inevitable before solidifying [1] . In order to provide theoretical guidance to control TiN inclusion precipitated in the hypereutectoid tire cord steel of the ultra high strength level, the effect of carbon content on Ti inclusion precipitated in tire cord steel of different intensity levels is studied on the basis of thermodynamics in this paper.
Temperature Changes in Solidifying Front of Tire Cord Steel
The temperature in the front of solidifying (T s − l ) of liquid steel is the solidification interface temperature, this temperature value is between the solidus temperature (T s ) and the liquidus temperature (T l ), It related with the solidification rate (g) of liquid-solid two phase region. The temperature in the front of solidifying is calculated according to formula (1) [2] :
In formula (1) T 0 is the melting point of Fe 1538˚C, the liquidus temperature (T l ) and the solidus temperature (T s ) are calculated according to formula (2) 
The components of tire cord steel used for calculation are shown in Table 1 .
According to the components of tire cord steel in Table 1 the liquidus temperature (T l ) and solidus temperature (T s ) can be calculated, as shown in Table 2 . With the increase of carbon content, the temperature difference of liquidus and solidus become large.
The relationship between the temperature in the front of solidifying (T s − l ) and solidification rate (g), as shown in Figure 1 . Figure 1 shows that the temperature in the front of solidifying (T s − l ) decreased along with the development of the solidification process. When the solidification rate is the same, the higher carbon content in the tire cord steel, the lower the temperature in the front of solidifying.
Effect of Carbon Content on Ti Inclusion Precipitated in Tire Cord Steel
Due to the solidification segregation of the solute elements during solidification process, Ti and N are enriched in the solidifying front continuously, when the activity product of Ti and N is greater than the balanced activity product of TiN precipitation, TiN inclusion will precipitate according to the following formula:
In formula (5), K TiN is the equilibrium activity product of TiN precipitation, which related with the temperature T s -l in the front of solidifying. With the solidification rate (g) of liquid-solid two phase region increase, temperature in the front of solidifying dropped and the value of K TiN calculated according to formula (5) declined correspondingly.
The actual activity product of Ti and N in the solidifying front is:
In formula (6), f Ti and f N are the activity coefficients of Ti and N at the temperature of solidifying front, which can be calculated according to formula (7) and formula (8): Table 1 . Chemical composition of high carbon tire cord steel. 
In formula (7) and formula (8) , f Ti(1873) 
The interaction coefficients j Ti e and j N e at 1873 K can be obtained by literature [5, 6] .
Since the solute elements in the solidifying front enriched during solidification process continuously, so w[j] can be calculated according to formula (9) and formula (10) [7] . It can be seen that w[j] is the function of solidification rate (g).
Formula (11) is used to calculate the quality percentage content of Ti, Si, Mn in the solidifying front and formula (12) is used to calculate the quality percentage content of C, N, P, S in the solidifying front; w[j] 0 is the initial percentage of solute element j in liquid steel. k is the equilibrium partition coefficients between liquid steel and γ-Fe which can be obtained by literature [8, 9] .
The actual activity product Q TiN of Ti and N in the solidifying front of liquid steel can be calculated by formula (6) -formula (12), When the actual activity product Q TiN of Ti and N in the solidifying front is greater than that of the equilibrium activity product K TiN , TiN inclusion will precipitate in the solidifying front. If the initial Ti, N content of tire cord steel are 0.0006% and 0.004% respectively, the temperature in the front of solidifying and solidification rate for 72A, 82A, 95A, when TiN inclusion precipitated in the solidifying front are shown in Figure 2 . Figure 2 shows that with the carbon content in tire cord steel increase, the temperature in the front of solidifying dropped when TiN inclusion precipitated during solidification and the required equilibrium activity product is also declined (Figure 2(a) ). In addition, with the increase of carbon content in the tire cord steel, TiN inclusion is earlier to precipitate in the solidifying front (Figure 2(b) ), Therefore, TiN inclusion is also more easily to grow up.
In conclusion, the carbon content has obvious effect on TiN inclusion precipitated in tire cord steel of different strength levels. The higher the carbon content in molten steel, the easier the TiN inclusion will precipitate and grow up during solidification process.
Therefore, in order to control the size of TiN inclusion precipitated in hypereutectoid tire cord steel of ultra high strength level, more strict measures of steelmaking and continuous casting process must be taken to further reduce the initial titanium and nitrogen content in liquid steel. Because the effect of N on the grown up of TiN inclusion is bigger than that of Ti [1] , Therefore, it is particularly important to further reduce the N content in hypereutectoid tire cord steel.
The Ti content in the high carbon tire cord steel in molten steel can be reduced effectively through the following measures in the production practice; (1) reducing the TiO 2 content in blast furnace burden and silicon content in hot metal; (2) 
Conclusion
(1) The temperature before solidifying (T s − l ) decreased along with the development of the solidification process. When the solidification rate is the same, the higher the carbon content in the tire cord steel is, the lower the temperature before solidifying is.
(2) The carbon content has an obvious effect on TiN inclusion precipitated in tire cord steel of different strength levels. The higher the carbon content is in the molten steel, the easier the TiN inclusion will precipitate and grow up during the solidification process.
(3) In order to control the size of TiN inclusion precipitated in hypereutectoid tire cord steel of the ultra high strength level, more strict measures of steelmaking and the continuous casting process must be taken to further reduce the initial titanium and nitrogen content in liquid steel, especially the N content.
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